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Edited by Lukas HuberAbstract Basic-leucine zipper transcription factors of the Maf
family are key regulators of various developmental and diﬀeren-
tiation processes. We previously reported that the phosphoryla-
tion status of MafA is a critical determinant of its biological
functions. Using Western blot and mass spectrometry analysis,
we now show that MafA is phosphorylated by p38 MAP kinase
and identify three phosphoacceptor sites: threonine 113 and thre-
onine 57, evolutionarily conserved residues located in the tran-
scription activating domain, and serine 272. Mutation of these
residues severely impaired MafA biological activity. Further-
more, we show that p38 also phosphorylates MafB and c-Maf.
Together, these ﬁndings suggest that the p38 MAP kinase path-
way is a novel regulator of large Maf transcription factors.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Maf proteins are basic-leucine zipper (bZIP) transcription
factors of the AP1 family mediating various functions in
embryonic development and oncogenesis. The Maf group
comprises four large Maf (MafA/L-Maf, MafB/Kreisler, c-
Maf and NRL) [1–6] which contain an acidic transcription
activating domain (TAD) located at their N-terminus and
three small Maf which contain only the bZIP region (MafF,
MafG and MafK) [7,8].
Maf proteins have been implicated in development of eyes
[9,10], hindbrain [6,11] and hematopoiesis [12,13]. Large Maf
proteins are massively expressed in the lens where they play
critical functions during morphogenesis and late diﬀerentia-
tion, and regulate crystallin gene expression [10,14]. They are
also expressed in the endocrine compartment of the pancreas
and MafA was shown to regulate insulin transcription in re-
sponse to glucose levels [15–17]. Thus, Maf proteins are likely
to receive and respond to multiple signals triggered by various
intracellular and extracellular cues. We previously identiﬁed
two major ERK phosphoacceptor sites located in the TAD
of MafA, Ser14 and Ser65, and showed that its transcriptional
activity and biological properties are strongly dependent on
their phosphorylation [18].*Corresponding author. Fax: +33 3 88 45 66 54.
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doi:10.1016/j.febslet.2005.04.086In the present study, we demonstrate that MafA is phos-
phorylated by another MAPK, p38, and identify three phosp-
hoacceptor sites by Western blot and mass spectrometry
analysis: Thr113, Thr57 and Ser272. We show that MafA bio-
logical activity is severely impaired upon mutation of these res-
idues and that phosphorylation by p38 is a hallmark of large
Maf transcription factors.2. Materials and methods
2.1. Plasmids
Single and multiple phosphorylation mutants of quail MafA were
generated by PCR followed by subcloning and sequencing of the whole
reading frame. PCR fragments were cloned into a pcDNA3-modiﬁed
vector, in frame with the HA1 epitope [18]. For retroviral expression,
PCR fragments were cloned into the RCAS-envA replication compe-
tent vector by using the Cla 12 shuttle plasmid [18,19]. Expression vec-
tor for GST-MafA was previously described [18]. Expression vector for
GST-MafA TM was generated likewise, by using a MafA coding se-
quence carrying T57A, T113A and S272A mutations, generated by
PCR. Expression vectors for quail MafA, and chicken MafB, c-Maf
and MafG proteins carrying a C-terminal HA epitope were obtained
by PCR and subsequent cloning into pcDNA3.1 vector. Mouse mafA
orf was generated by PCR by using a genomic clone from the locus as
template and cloned into pcDNA3.1 vector. The following expression
vectors were previously described: pcDNA3-Flag-MKK6EE, pcDNA3-
Flag-p38aAGF, pCMV5-Flag-p38a, pcDNA3-Flag-p38b, pcDNA3-
Flag-p38c, pcDNA3-Flag-p38d [20–23], pcDNA3-HAMEK1DD [24],
pcDNA3-HAERK1 [25], 3xFlag-hMafA [14].
2.2. Cell culture and transfection assays
293T cells were maintained and transfected in Dulbeccos Modiﬁed
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
(FBS). Neuroretina cells from 8 day-old chick embryos were prepared
as previously described [24] and maintained in Basal Medium of Eagle
supplemented with 10% FBS. Transfections were performed according
to the calcium phosphate coprecipitation method [26], using a total of
20 lg DNA. When pcDNA3-MafA constructs were cotransfected with
expression vectors for p38 and MKK6EE, a 2:1:1 MafA:p38:MKK6 ra-
tio was used. Cell extracts were prepared 24 h later in TNTE lysis buf-
fer (20 mM Tris pH 7.6, 150 mM NaCl, 1% triton, 1 mM EDTA,
aprotinine 20 lg/ml, 1 mM AEBSF, 10 mM NaF, 1 mM DTT,
25mM b-glycerophosphate, 1 mM orthovanadate) and centrifuged at
12000 rpm (20 min, 4 C). Treatment with SB203580 (10 lM: Calbio-
chem) was performed during 4 h, before lysis. The concentration of to-
tal soluble proteins in the supernatant was quantiﬁed using the
Bradford reagent (Bio-Rad).
2.3. Immunoprecipitation and phosphatase treatment
500 lg of total proteins were incubated (over night, 4 C) with 1 ll
of anti-MafA antibody [18] and protein A-sepharose (Amersham-Bio-
sciences). Immune complexes were washed in three buﬀers; XRBAblished by Elsevier B.V. All rights reserved.
Fig. 1. p38 induces phosphorylation of MafA. (A) MafA was
expressed in 293T cells together with Flag-tagged MKK6EE and wild
type p38a or p38aAGF, or with MEK1DD and ERK1, and electropho-
retic mobility was analyzed by Western blot with MafA-directed
antibody. The presence of p38 and MKK6 was veriﬁed by immunoblot
with the M2 anti-Flag antibody. ERK1 activation was assessed by
Western blot with an antibody directed against phosphorylated ERK.
(B) MafA, p38a and MKK6EE were coexpressed in 293T cells. MafA
immunoprecipitates were submitted to k-phosphatase treatment and
analyzed by anti-HA immunoblot. Apparent molecular masses of
MafA bands are indicated in kDa.
3548 K. Sii-Felice et al. / FEBS Letters 579 (2005) 3547–3554(0.2% Triton X-100, 10 mM Tris–HCl pH 8, 150 mMNaCl, and 2 mM
EDTA), XRBB (0.2% Triton X-100, 10 mM Tris–HCl pH 8, 500 mM
NaCl, and 2 mM EDTA) and XRBC (10 mM Tris–HCl pH 8) and
resuspended in 2· loading buﬀer. For k-phosphatase treatment, immu-
noprecipitates were washed twice in Tris–HCl 10 mM pH 7.4, NaCl
150 mM, EDTA 1 mM buﬀer and the beads resuspended in 50 ll k-
phosphatase buﬀer (New England Biolabs). The reaction was carried
out (1 h, 30 C) by addition of 100 u of k-phosphatase (New England
Biolabs) and stopped by addition of 2· loading buﬀer.
2.4. Western blot analysis
Protein extracts (30–100 lg) were subjected to 10% SDS–PAGE
(polyacrylamide gel electrophoresis), transferred to Immobilon-P mem-
branes (Millipore) and probed withMafA-antibody (1/1000) [18], GST-
MafA-directed antibody (1/5000: a rabbit polyclonal antiserum raised
againstMafA coding sequence fused to the GST) [18], 12CA5monoclo-
nal antibody to the HA epitope (Roche, 100 ng/ml), M2 monoclonal
antibody to the Flag epitope (Sigma, 1/2000), a monoclonal antibody
to phospho-threonine only when followed by a proline (1/5000, Cell
Signaling Technology), anti phospho-ERK polyclonal antibody
(1/2000, Cell Signaling Technology), anti a- or b-crystallin antibody
(a kind gift from Joram Piatigorsky, 1/2000) and anti b-actin antibody
(1/10000, Sigma). Primary antibody was diluted in blocking buﬀer
(TBST – Tris buﬀered saline containing 0.2% Tween 20 – supplemented
with 5% non-fat dry milk, or 5% BSA for Phospho-TP antibody).Mem-
branes were washed in TBST buﬀer and incubated with either swine
anti-mouse, donkey anti-rabbit or monoclonal anti-goat/sheep second-
ary antibodies conjugated to horseradish peroxidase. Membranes were
further processed using the chemiluminescence SuperSignal West Dura
reagent (Pierce) and signals quantiﬁed using Gene Tools software
(Gene Gnome bioimaging System, Syngene).
2.5. In vitro protein kinase assays
GST-fusion recombinant proteins were puriﬁed from Escherichia
coli DH5a extracts using glutathione-Sepharose beads, according to
the manufacturers recommendations (Amersham Biosciences). 293T
cells were transiently cotransfected with expression vectors encoding
MKK6EE and either p38a, p38b, p38c or p38d. 24 h later Flag-tagged
MAP Kinases were immunoprecipitated from cell extracts by incuba-
tion for 2 h at 4 C with the M2 Flag monoclonal antibody (Sigma)
bound to protein A-sepharose beads (Amersham Biosciences). The im-
mune complexes were washed in kinase buﬀer (HEPES 25 mM, pH
7.4, b-glycerophosphate 25 mM, MgCl2 25 mM, DTT 2 mM, ortho-
vanadate 1 mM) and equal amounts added to 20 lg GST-MafA bound
to glutathione-Sepharose beads, 1 mM ATP and 10 lCi [c-32P]ATP.
Activated recombinant p38d (Upstate) was used in Fig. 5. The reaction
was carried out at 37 C and stopped by addition of 2· loading buﬀer
and subjected to Western blot analysis and autoradiography. Radioac-
tive signals were quantiﬁed by using a Storm 820 phosphorimager
(Molecular Dynamics).
2.6. Mass spectrometry analysis
Cellular extracts from transfected 293T cultures (typically 108 cells
were used for a single puriﬁcation) were immunoprecipitated with
anti-HA 12CA5 antibody (15 lg, Roche) and run on 10% SDS–PAGE.
Proteins were ﬁxed overnight in 30% ethanol, 2% phosphoric acid. The
gels were then washed twice (10 min, 2% phosphoric acid), equilibrated
for 30 min in 2% phosphoric acid, 18% ethanol, 15% ammonium sul-
fate and stained with Coomassie Blue G-250 0.2%. Protein bands were
excised, washed with water and shrunk by dehydration in acetonitrile
for 10 min at 37 C. They were destained by several incubations in
100 mM ammonium bicarbonate pH 8.5 containing 50% acetonitrile,
shrunk again in acetonitrile and vacuum dried. After reduction
(10 mM DTT for 35 min at 56 C) and alkylation (55 mM iodoaceta-
mide for 30 min at room temperature), gel fragments were rehydrated
in 20 ll 50 mM ammonium bicarbonate pH 7.5 containing 250–500 ng
of chymotrypsin (Sequencing grade, Roche) per band, and left on ice
for 45 min before proteolysis (overnight at 37 C). Supernatants were
removed and the peptides extracted sequentially with 1% triﬂuoroace-
tic acid – TFA and then 1% TFA, 60% acetonitrile. The resulting
supernatants were added to the previous one and dried.
Chymotryptic digests were resuspended in 10 ll 50% acetonitrile,
0.3% TFA. 1 ll was mixed in a 1:1 ratio with a saturated solution of
a-cyano-4-hydroxycinnamic acid in 0.3% triﬂuoroacetic acid/50% ace-tonitrile and the mix deposited on a standard stainless probe and al-
lowed to air dry. MALDI analysis was performed on a Voyager-DE
STR equipped with a 337 nm laser source (Applied Biosystems, Fra-
mingham, PA, USA). Spectra were recorded in both positive-ion
reﬂectron and positive-ion linear mode, with a 20 kV acceleration volt-
age in the ion source. External calibration was performed with a mix-
ture of 6 reference peptides covering the m/z 900–3700 Da range.
Dephosphorylation of the peptide mixtures was performed on the
MALDI target by using alkaline phosphatase (1 unit/ll, Roche) prior
to analysis [27].3. Results and discussion
3.1. MafA is phosphorylated by p38 MAP kinases in vitro and in
vivo
Expression vector for HA-tagged MafA was transiently
transfected into 293T cells, together with plasmids encoding
p38 a and an activated version of its upstream kinase
(MKK6EE), both tagged with a Flag epitope. Cellular lysates
were then analyzed by anti-MafA immunoblot. In the absence
of p38 activation (Fig. 1A), MafA was detected as two main
bands (apparent molecular weights 37 and 43 kDa) corre-
sponding to distinct phosphorylation levels, as previously de-
scribed [18]. MafA migration pattern was signiﬁcantly
modiﬁed upon coexpression with p38 and MKK6EE resulting
in the generation of a novel band with apparent molecular
weight 47 kDa and the disappearance of the 37 kDa form
(Fig. 1A). These eﬀects required activation of p38 kinase since
they were not detected when p38 was replaced by p38AGF, a
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Moreover, no mobility shift was observed when MafA was
cotransfected with activated MEK1 (MEK1DD) and ERK1
(Fig. 1A), suggesting that it is speciﬁc to activation of the
p38 cascade. To verify the data reﬂected alteration in the phos-
phorylation status of MafA, we treated MafA immunoprecip-
itates with lambda phosphatase (Fig. 1B). As expected, both in
basal conditions and in the presence of activated p38, MafA
was detected as a unique band of about 35 kDa, corresponding
to the fully dephosphorylated protein [18]. Thus, MafA is
phosphorylated following activation of p38 and, as judged
from Fig. 1A, this phosphorylation is not generally induced
by MAP kinases but is speciﬁc to the p38 pathway. Moreover,
the presence of a putative p38-speciﬁc docking site in MafA
(219KRVQQRHIL227: underlined residues conforming to
the consensus deﬁned by Barsyte-Lovejoy et al. [28]) suggested
that p38-induced phosphorylation could be direct and
prompted us to examine p38 ability to phosphorylate MafA
in vitro. The p38 MAP kinase family comprises four distinct
isoforms displaying various targets and biological eﬀects: p38
a, b, c and d [29]. Each Flag-tagged p38 isoform was coexpres-
sed with MKK6EE in 293T cells and immunoprecipitated p38
kinases were used for in vitro kinase assays with recombinant
MafA. MafA was phosphorylated by each isoform, p38d being
the most eﬃcient (Fig. 2A and B). We then investigated theFig. 2. Phosphorylation of MafA by p38 isoforms. (A) MKK6EE was expre
kinases were incubated with GST-MafA for 5, 15 or 45 min in the presence o
and autoradiography. The presence of the kinases in the immune complexes w
the distinct isoforms was estimated as the ratio between the radioactive signal
cells were transfected with MafA, MKK6EE and each p38 isoform and the
immunoblot. The presence of p38 and MKK6EE kinases was veriﬁed by anti-F
for further analysis. (D) 293T cells were transfected with MafA alone or toget
(+) or DMSO () was added to the cultures 4 h before lysis and the eﬀect on
The presence of p38 and MKK6EE kinases was veriﬁed by anti-Flag immunability of the distinct isoforms to phosphorylate MafA in cells
by cotransfection experiments (Fig. 2C). The 47 kDa band was
induced in the presence of p38 a, b and d but was only barely
detectable with p38c. Thus, except in the case of p38 b, the
data obtained in vivo mirrored the eﬃciency of MafA phos-
phorylation in vitro. We further analyzed the capacity of dis-
tinct p38 isoforms to phosphorylate MafA in the presence of
SB203580, a compound that selectively inhibits p38 a and b
but not p38 c and d. As shown in Fig. 2D, the 47 kDa hyper-
phosphorylated band induced by activated p38 b was no
longer detected in the presence of 10 lM SB203580, whereas
it was retained in cells containing activated p38 d. Taken to-
gether, these results demonstrate that MafA is phosphorylated
by p38 in vitro and in vivo and that phosphorylation eﬃciency
varies according to isoforms.
3.2. MafA is phosphorylated by p38 on threonine 113 and
threonine 57
In order to identify which residue(s) could be phosphory-
lated by p38, we generated MafA mutants carrying single sub-
stitutions of serine and threonine residues conforming to MAP
kinase consensus sites into alanine, and compared their behav-
ior upon p38 activation (Fig. 3A). Several mutants (S14A,
T53A, T57A, S65A) displayed altered migration pattern in
the absence of activated p38, suggesting that these residuesssed in 293T cells together with p38 a, b, c or d. Immunoprecipitated
f [c-32P]ATP and the reaction products were examined by SDS–PAGE
as revealed by anti-Flag immunoblot. (B) Phosphorylation eﬃciency by
and the amount of the kinase present in the immune complex. (C) 293T
eﬀect on MafA electrophoretic mobility was examined by anti-MafA
lag immunoblot. The result of this experiment prompted us to use p38d
her with MKK6EE and p38 b or MKK6EE and p38 d. SB203580 10 lM
MafA electrophoretic mobility examined by anti-MafA immunoblot.
oblot.
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ported for Ser14 and Ser65 [18]. Changes in mobility were ob-
served with all the mutants, upon p38 activation.
Noteworthingly, their migration patterns remained quite com-
plex, indicating that MafA phosphorylation by p38 could pro-
ceed from sequential events. Generation of the novel,
hyperphosphorylated band, which was speciﬁcally induced
by p38 but not detected in basal conditions, occurred in all
the mutants except T113A MafA, indicating that this residue
was phosphorylated by p38. To conﬁrm this result, we used
an antibody speciﬁcally recognizing phosphorylated threo-
nines followed by a proline (phospho-TP) and compared the
signals of WT MafA and threonine mutants (Fig. 3B). Activa-
tion of the p38 pathway was correlated with a strong increase
in the phospho-TP signal displayed by WT MafA, suggesting
that it involved phosphorylation on threonine residues. This
eﬀect was no longer observed with T113A-MafA, conﬁrming
phosphorylation of Thr113 by p38. Interestingly, it was also
lost with T57A-MafA, but retained by the T53A mutant, dem-
onstrating that Thr57 is targeted by p38 together with Thr113.
Accordingly, no phospho-TP signal could be detected in the
case of the T57/T113A (2TA) mutant (Fig. 3C). Taken to-
gether, these results demonstrate that p38 phosphorylatesFig. 3. MafA threonine 113 and threonine 57 are phosphorylated by p38. (A
by p38 activation. The putative MAP kinase phosphorylation sites are indica
enhanced homology region, H: histidine repeat, b: basic region, ZIP: leucine z
and mutant MafA proteins were expressed in 293T cells either alone or in
immunoblot. (B) MafA proteins carrying a threonine to alanine mutation
antibody and Western blot with an antibody directed against phosphorylated
in A for the analysis with P-TP antibody and the results are presented togethe
The presence of p38 and MKK6 kinases was veriﬁed by anti-Flag immunobl
(C) T57/T113A (2TA) and T53/T57/T113A (3TA: negative control) combined
MKK6EE. Proteins were submitted to anti-MafA Western blot and were ana
MKK6 kinases was veriﬁed by anti-Flag immunoblot.Thr113, which is responsible for the generation of the novel
hyperphosphorylated band, and Thr57, which presumably
contributes to the disappearance of the lower bands.
Interestingly, Thr57 and Thr113 are part of a conserved
TAD subregion which was shown, in NRL, to interact with
TATA-binding protein (TBP) [30]. Moreover, interaction with
TBP was proposed to involve phosphorylation of the S/TP mo-
tifs present in this domain. It is thus conceivable that phos-
phorylation of Thr57 and Thr113 by p38 modulates the
strength of interaction between MafA and TBP. In addition,
Thr57 is phosphorylated by ERK1/2 in primary lens cultures
[31], indicating that this residue might integrate several signal-
ing pathways including distinct MAP kinase cascades.
3.3. Identiﬁcation of serine 272 as a p38 phosphoacceptor site by
mass spectrometry
To further characterize phosphorylation events triggered by
activated p38, we performed mass spectrometry analysis. 293T
cells were transfected with MafA expression vector, together or
not with plasmids encoding p38 d and MKK6EE, and MafA
was immunoprecipitated and submitted to SDS–PAGE (Fig.
4A). We focused on the A and B bands of MafA which respec-
tively correspond to the 43 kDa band in basal conditions and) Western blot analysis of MafA electrophoretic mobility shift induced
ted on MafA structure (TAD: transcription activating domain, EHR:
ipper domain). These sites were individually mutated into alanine. WT
combination with MKK6EE and p38d and analyzed by anti-MafA
were further analyzed by immunoprecipitation with MafA-directed
threonines followed by a proline (P-TP). We used the same extracts as
r with the corresponding slots from the anti-MafA immunoblot in (A).
ot. Apparent molecular masses of MafA proteins are indicated in kDa.
mutants of MafA were expressed in 293T cells together with p38d and
lyzed with P-TP directed antibody as in (B). The presence of p38 and
Fig. 4. Identiﬁcation of serine 272 phosphorylation site by mass spectrometry. (A) Ha-tagged MafA was overexpressed in 293T cells, with (+) or
without () p38d and MKK6EE, and puriﬁed by immunoprecipitation with anti-HA antibody. Immune complexes were run on SDS–polyacrylamide
gels and stained by Coomassie Blue. This staining allowed detection of the mobility shift induced by p38 (band B: 47 kDa). The major band detected
in basal conditions (band A: 43 kDa) and band B were submitted to mass spectrometry analysis. The sequence of MafA C-terminal end is shown with
the relevant chymotryptic cleavage sites (vertical bars) and Ser272, which is underlined. Only the region around 2400 m/z in the distinct spectra, is
presented below. (B) MALDI spectrum of the chymotryptic digest of MafA band A. Careful analysis revealed several peptides separated by 80 Da
and corresponding to the sequences between amino-acids 263 and 284 (resulting from full chymotryptic digestion), 263 and 285, and 263 and 286
(resulting from one or two miscleavages). The identity of the [263–286] peptide was further evidenced by two additional peaks (+1 met-ox) at a 16 Da
higher mass and corresponding to the presence of one oxidised methionine in both non-phosphorylated and phosphorylated species. (C) MALDI
spectrum of the chymotryptic digest of MafA band B. The same C-terminal peptides as in (B) were detected, but only in their phosphorylated state.
This suggested that phosphorylation of the C-terminal region occurred with an eﬃciency close to 100%, following p38 activation. (D) To further
conﬁrm the phosphorylation of the C-terminal peptides, the chymotryptic digest of band B was treated with alkaline phosphatase prior to MALDI
analysis. Only the non-phosphorylated peptides could be detected. (E) Phosphorylation of serine 272 in the C-terminal peptides was ﬁnally
ascertained by mass spectrometry analysis of the S272A mutant. This protein behaved like WT MafA upon Coomassie Blue staining (data not
shown). Band B, corresponding to the hyperphosphorylated form, was treated as in (C). Only the four characteristic non-phosphorylated peptides of
the C-terminus could be detected, with slightly distinct masses due to the conversion of Ser272 to alanine.
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vation. MALDI data were acquired from total peptide mix-
tures obtained by chymotrypsin digestion of gel bands, and
their mass accuracy (50 ppm or less on average) allowed clear
identiﬁcation of most peptides. This technique conﬁrmed that
Thr113 was phosphorylated by p38 and that Ser14 was consti-
tutively phosphorylated [18] (data not shown). Results from
seven diﬀerent mass spectra showed conclusively that serine
272 was phosphorylated by p38. Both the non-phosphorylated
and phosphorylated (characterized by an 80 Da mass-shift)
peptides encompassing Ser272 were present in band A, in a
1:1 ratio (Fig. 4B). In contrast, only the phosphorylated forms
could be detected in band B, suggesting that Ser272 was fully
phosphorylated when p38 was activated (Fig. 4C). The nature
of the peptide modiﬁcation was conﬁrmed by alkaline phos-
phatase treatment, which led to a clear 80 Da mass reduction
(Fig. 4D). Phosphorylation of Ser272 was ﬁnally conﬁrmed
by similar experiments using the S272A mutant. As expected,
the chymotryptic digest did not show any phosphopeptide cor-
responding to peptide [263–284] or the two other peptides
resulting from one or two miscleavages (Fig. 4E) and its mass
spectrum strikingly resembled that of phosphatase-treated WT
band B. Localization of Ser272 close to the MafA C-terminus
suggests its phosphorylation could aﬀect dimerization proper-
ties. Interestingly, Maf proteins are presumed to be active
essentially as heterodimers with factors from distinct bZIP
subfamilies [32]. Thus, phosphorylation of Ser272 by p38
might target MafA to speciﬁc promoters by recruiting the
appropriate partner.Fig. 5. Mutation of Thr57, Thr113 and Ser272 impaired MafA
phosphorylation by p38. Recombinant activated p38d was incubated
with GST, GST-MafA or GST-MafA TM (in which Thr57, Thr113
and Ser272 were mutated into alanine) for 5 min in the presence of
[c-32P]ATP. Reaction products were examined by SDS–PAGE and
autoradiography (upper panel). Coomassie blue staining of the gel was
used to monitor the amount of recombinant Maf proteins in the assay
(lower panel). Fusion proteins and Bovine Serum Albumin (BSA)
added in the kinase test are indicated.To conﬁrm identiﬁcation of p38 phosphoacceptor residues,
we generated a triple T57A/T113A/S272A mutant (MafA
TM) fused to GST and performed an in vitro kinase assay
(Fig. 5). Phosphorylation of this mutant by p38 d was dramat-
ically reduced as compared to wild type MafA, demonstrating
that Thr57, Thr113 and Ser272 were the major p38 phosphor-
ylation sites. However, the existence of additional minor phos-
phorylation sites, at least in vitro, could not be ﬁrmly
excluded, because of the presence of trace signal in the TM
mutant.
3.4. Phosphorylation by p38 is a hallmark of large Maf proteins
Sequences surrounding Thr57 and Thr113 are strikingly
conserved among vertebrate large Maf proteins (Fig. 6A),
suggesting other members of the family could be phosphor-
ylated by p38. Indeed, upon coexpression with p38 and
MKK6EE, human and mouse MafA behaved like their quail
ortholog in Western blot (Fig. 6B). Likewise, MafB and c-
Maf generated novel retarded bands upon p38 activation,
whereas no eﬀect was observed on MafG, which does not
contain a TAD (Fig. 6C). Thus, p38 also phosphorylated
MafB and c-Maf.Fig. 6. MafB and c-Maf are phosphorylated by p38. (A) Sequence
comparison of large Maf proteins in the regions surrounding threonine
57 and threonine 113. Sequences in both regions are 100% identical
between mouse, human and chicken species for MafA, MafB and c-
Maf. Sequence numbering corresponds to mouse proteins. The two
conserved p38 phosphorylation sites are highlighted in grey. (B) Eﬀect
of activated p38 on the electrophoretic mobility of chicken, human and
mouse MafA proteins expressed in 293T cells either alone or in
combination with MKK6EE and p38d. MafA was detected by
immunoblotting with GST-MafA antibody. (C) Eﬀect of activated
p38 on the electrophoretic mobility of large Maf proteins. HA-tagged
versions of MafA, MafB, c-Maf and a small Maf (MafG) were
expressed in 293T cells either alone or in combination with MKK6EE
and p38d and analyzed by anti-HA immunoblot.
Fig. 7. MafA capacity to induce lens diﬀerentiation requires p38
phosphoacceptor sites. NR cultures were transfected with RCAS
empty vector, RCASMafA WT or RCASMafA TM. (A) Phase
contrast photographs taken 3 weeks after transfection, at low (left:
scale bar = 1 mm) or high (right: scale bar = 0.2 mm) magniﬁcation.
(B) Expression of a-, b-crystallins, and MafA was examined by
Western blot analysis using anti a-, anti b-crystallin and anti-MafA
antibody. b-actin Western blot was performed as a loading control.
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phosphorylation sites
To assess the functional relevance of phosphorylation by
p38, we compared the ability of MafA WT and MafA
TM to induce lens diﬀerentiation in primary cultures of
chicken neuroretina (NR) cells [18]. NR cultures expressing
MafA WT exhibited massive transdiﬀerentiation, exempliﬁed
by the presence of large lentoid bodies (Fig. 7A). In
contrast, only very small ones were observed in cultures
expressing MafA TM (Fig. 7A). Accordingly, the MafA
TM-transfected cultures expressed reduced amounts of a-
and b-crystallins (Fig. 7B). Thus, the capacity of MafA to
activate crystallin expression and to induce the lens diﬀeren-
tiation program requires the integrity of p38 phosphoryla-
tion sites.In conclusion, this study provides the ﬁrst demonstration
that large Maf proteins are direct targets of the p38 signaling
cascade. It suggests moreover that phosphorylation by p38
might control MafA function in the lens. Such regulation
might be eﬀective during diﬀerentiation or in response to UV
exposure, which involves the protective role of a-crystallins
[33]. Together with previous studies, the present work provides
evidence that Maf proteins are regulated by various and com-
plex phosphorylation events. They contain several potential
MAP kinase phosphorylation sites which might integrate
cross-talk between distinct signaling pathways including the
p38 and ERK cascades.
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